Introduction
Stereoelectronic substituent effectsh ave ap rofound effect on the three-dimensional structures of molecules. Whereas substituents on ac yclic compound generallyh ave ap reference for (pseudo)equatorial positions for stericr easons, the electronic spatialp references dependo nd ifferent forces such as chargecharge and dipole-dipolei nteractions. [1] The conformation and reactivity of carbohydrates are determined to al arge extent by the natures and orientations of the substituents. This influence becomes apparent in glycosylation reactions, in which the amount,n ature and orientation of the hydroxy groups, protected with electron-withdrawing esters or more electron-neutral ether groups, determinet he overall reactivity. [2] It has long been known that, in glycosylations, axial substituents are less deactivating or "disarming" than their equatorially positioned equivalents.
[3] Similarly,t he basicity of iminosugars (or "azasugars"), carbohydratesi nw hich the endocyclic oxygen atom is replaced by an amine group, is influenced by the orientation of the ring substituents, with azasugars bearing more axially positioned hydroxy groups being more basic than their stereoisomers bearing equatorially positioned substituents. [4] These effects can be explained in terms of more favourable interaction of the axially positioned electronegative oxygen substituents with the positive charge presento nt he azasugar ring in ap rotonated state and the (partial) positive chargeo f oxocarbenium ion (-like) intermediates in glycosylationr eactions. [4] [5] [6] [7] In mannuronic acids, mannosides in which the C6-OH group is oxidised to ac arboxylic acid functionality,t he carboxylic acid has ap rofound effect on the conformationa nd reactivity of the pyranoside. [8] In the context of the construction of bacterial oligosaccharides we have studied the glycosylation behaviour of av ariety of mannuronic acid donors in detail andw eh ave found these to be unexpectedly reactive. [9] In addition, glycosylations involvingt hese donors proceed with an extraordinary selectivity to provide 1,2-cis glycosidicl inkages. These findings were explained in terms of the conformational preferences of (partially) positively charged mannuronic acid oxocarbenium ion (-like) intermediates that are governed by the ring substituent effects. These species prefer to adopt a" flipped" ring structure and in the 3 H 4 (-like) oxocarbenium ion all substituents take up the most stabilising (or least destabilising) orientation: the C2-OR pseudoequatorial and the C3-, C4-OR and C5-COOR groups pseudoaxial. Indeed, DFT calculations indicate that the 3 H 4 oxocarbeniumi on is significantly more stable than the alternative ("non-ring-flipped") 4 H 3 ion (Scheme 1A). [10] As et of mannuronic-acid-basedi minosugars, consisting of the C-5-carboxylic acid, methyl ester and amide analogues of 1-deoxymannorjirimicin (DMJ),w as synthesised and their pH-dependentc onformational behaviour was studied. Under acidic conditions the methyl ester and the carboxylic acid adopted an "inverted" 1 C 4 chair conformation as opposed to the "normal" 4 C 1 chair at basic pH. This conformational change is explained in terms of the stereoelectronic effects of the ring substituents and it parallels the behaviour of the mannuronic acid ester oxocarbenium ion. Because of this solution-phase behaviour,t he mannuronica cid ester azasugar was examined as an inhibitor for a Caulobacter GH47 mannosidase that hydrolyses its substrates by way of ar eaction itinerary that proceeds through a 3 H 4 transition state. No binding waso bserved for the mannuronic acid ester azasugar,b ut sub-atomicr esolution data were obtained for the DMJ·CkGH47 complex, showing two conformations-Carbohydrate-processinge nzymes, such as glycoside hydrolases, may induce achemical transformation by forcing the carbohydrate substratei nto an unusualc onformation. [11] a-Mannosidases that belong to the CAZY family GH47 are inverting glycoside hydrolases that cleave a-1,2-mannosidic linkages. The mammalian GH47 mannosidases can be found in the Golgi and endoplasmatic reticulum (ER),w here they cleave mannoser esidues from N-glycans, therebyp laying an important role in protein biosynthesis and quality control.The mechanism by which these hydrolases cleave the 1,2-mannosidic bonds is notable because they employa nu nusualc atalytic itinerary.T he substrate that is to be cleaved binds in a 3,O B/ 3 S 1 conformation and is hydrolysed in ar eactiont hat proceeds through at ransition state in which the mannoser ing adopts a 3 H 4 conformation. [12] Kifunesine (1,S cheme 1B), ap otent inhibitoro ft he mannosidase Ie nzyme, has been shownt o adopt ar ing-flipped 1 C 4 conformation, andasimilarc onformation was found for 1-deoxymannojirimycin (DMJ, 2, Scheme 1B)b ound in the active site of Saccharomyces cerevisiae. [12] We were inspired by the conformations of the inhibitors of the GH47 enzymes to explore the behaviour of azasugars based on mannuronic acid. Here we report on the synthesis of mannuronic-acid-baseda zasugars 3, 4 and 5 (Scheme 1C)a nd their conformational behaviour.W es howt hat the stereoelectronic effects that determine the structures of the mannuronic acid oxocarbeniumi ons also impact the three-dimensional structures of these azasugars and that protonation of the ring nitrogen can induce ar ing flip leading to an axial-rich 1 C 4 conformation in solution. We build on this to showh ow deoxymannojirimycin, the "parent" compound,b inds to ab acterial GH47 enzyme from Caulobacter sp. K31 [12] but also that-unfortunately,d espite improved solution behaviour-the mannuronic acid derivatives do not bind to the GH47 enzyme, likely by virtue of their altered C5-substituents.
Results and Discussion
The synthesis of DMJ (2)a nd its C5 analogues was achieved according to the route devised by Wrodnigg and co-workers. [13] As depicted in Scheme2,m ethyl mannuronic acid ester azasugar 3 was obtained in four steps from the commerciallya vailable calcium d-gluconate monohydrate (6). [14] The gluconate 6
was treated with HBr in acetic acidt of orm 3,5-di-O-acetyl-2,6-dibromo-2,6-dideoxy-d-manno-1,4-lactone after as eries of acid-catalysed transformations (i.e.,s ubstitution of the C2 and C6 hydroxy groups, intramolecular ring closure and acetylation of the remaining hydroxy groups). Next, the acetyl groups at O3 and O5 were removed in an acid-catalysed transesterification with methanolt op rovide the pure dibromolactone 7 after crystallisation from chloroform/water,i n2 6% yield over the two steps. Regioselective displacement of the C2 bromide with an azide occurred with retention of configuration, as explained by Bock et al. [15] with epimerisation of the C2-bromide to the more reactive glucose-configured dibromide and subsequent regioselectives ubstitution by the azide. Thereafter,p alladium-catalysed reduction of the intermediate azide and subsequent crystallisation from ethanol gave 2-amino-6-bromolactone 8 as its hydrochloric acid salt in 55 %y ield. Treatment of this salt with triethylamine in methanol led to ring opening and intramolecular bromide displacementb yt he C2 amine to give crude azasugar methyl ester 3.
Purification of this compound from the triethylammonium and sodium salts formed in the reactionp roved difficult, because of the high polarityo ft he compound as well as the lability of the methyl ester towards hydrolysis. Attempts to crystallise the compound were to no avail. Therefore, all of the hydroxy groups in 3 were capped with trimethylsilyl groups [16] to allow for the purificationo ft he compound by chromatogra- phy.A fter desilylation, the pure methyl ester 3 was obtained as its hydrochloric acid salt.
DMJ (2)w as synthesised from 3 by as odium-borohydridemediated reduction and was obtained in 29 %y ield after columnc hromatography. d-Mannuronic acida zasugar 4 and amide 5 were obtained from 3 through saponification with sodium hydroxide or aminolysis with methanolic ammonia,r espectively.
With the set of azasugars to hand we established their pK a values by titration and investigated their conformational behaviour at different pH* (the pH measured in D 2 O) values by NMR spectroscopy. Table 1s ummarises the results of these studies. For DMJ ap K a value of 7.4w as measured, in line with the pK a previously established for this compound (7.5) .
[4c] The pK a values of methyl ester 3,a mino acid 4 and amide 5 were determined to be 5.3, 7.5a nd 5.8, respectively.T he drop in pK a value for the ester and the amide is ac lear manifestation of the electron-withdrawing effect of the carboxylic acid ester and amide functionalities. At higherp H*, at which acid 4 is deprotonated, the electron-withdrawing effect of the carboxylate is loweredb ecause of its negative charge.
Figures1-4 show the 1 HNMR spectra of azasugars 2-5 recorded at varying pH* values. In Figure1, 1 HNMR spectra of DMJ (2)i nD 2 Oa tp H* 1-12 are collected. From pH* 1t o pH* 6.5 no changes are observed either in chemical shifts or in coupling constants. The coupling constants are indicative of a" normal" 4 C 1 chair conformation for the azasugar ring. On going from pH* 6.5 to pH* 12 significant shifts in chemical shift are observed for all ring protons, with the direct neighbours of the amino group experiencing the largests hifts. No changes in the coupling constantso ft he ring protons are observed, thus indicating that no major conformation change takes place.
In Figure2,t he 1 HNMR spectra of methyl ester 3 at different pH* values are displayed. Because hydrolysis of the methyl ester was observed above pH* 8, no spectra were recorded above this pH*. Large chemical shift changes are seen with increasing pH*. Especially,H 5s hows al arge chemical shift change and shifts from d = 4.04 at pH* 2t o3 .22 at pH* 8. In addition, ac hange in coupling constantsi so bserved for the ring protons. For example, J 3,4 changes from 9.4 Hz at basic pH* to 7.5 Hz at acidic pH*, indicative of ac hange in conformation of the azasugar ring. At high pH* the azasugar adopts as ingle conformation,w hereas both the 1 C 4 and 4 C 1 conformers are presentatl ow pH* (vide infra).
Mannuronic acid 4 can exist in three different charged states:t he fully protonated state, the neutralz witterionic state and the negatively charged state. Figure 3shows 1 HNMR spectra of 4 from pH* 1t op H* 12. Again, largec hemical shift changes are observed with changing pH* (especially for H5, which shows as hift from d = 3.9 to d = 2.9 ppm). As mall change in coupling constants is also apparent: J 3,4 changes from 9.8 Hz at high pH* to 8.8 Hz at neutral pH* to 8.3 Hz at acidic pH*. Thus, in line with the conformational behaviour of methyl ester 3,m annonic acid 4 can change its conformation in ap H-dependent manner. cal shift change of H5 and there is no significant change in the coupling constants,t hus indicating minimal conformation changes on going from high to low pH* for this azasugar.
To establish the ratio of 1 C 4 and 4 C 1 conformers for the different azasugarsw eu sed DFT calculations to determinet he coupling constants of the two conformers of both the protonated and the deprotonated azasugars (for detailss ee the Supporting Information). [17] Table 1s hows the measuredc oupling constants (J 3,4 )f or the four azasugars at low and high pH* values, the calculated J 3,4 values for the 4 C 1 and 1 C 4 conformers and the ratios of the two conformers,e stablished from the measured average coupling constants. As can be seen from 1 HNMR spectra for 2,6-dideoxy-2,6-iminomannuronic acid methyl ester( 3)atd ifferent pH* values;spectra are referenced to residual methanol. 1 HNMR spectra for 2,6-dideoxy-2,6-iminomannuronic amide (5)a tdifferent pH* values;spectra are referenced to water. C 4 and 4 C 1 azasugars, respectively) and the measured average coupling constant (J 3,4 = 7.5 Hz) the ratio of the two conformers was established to be 56:44, thus indicating that the two chair conformers are equally stable. In similarv ein, the ratio of the two chair conformers of the acid 4 was determined at three different pH values. As can be seen in Ta ble 1, at high pH the anionic azasugar 4 exists as as ingle conformer,w hereas at pH 5t he measured averagec oupling constant indicates a9 4:6m ixture of conformers. At low pH the two conformers are observedi na75:25 4 C 1 / 1 C 4 ratio. For the amide 5,a tb oth high and lowpHt he 4 C 1 chair is almostexclusively present. To investigate the conformational behaviour in al ess polar environment, the azasugar showing the largestc onformational change, methyl ester 3,w as investigated in CD 3 OD. Figure 5 shows the spectra of the non-protonated and the protonated azasugar.I nt his medium the J 3,4 coupling constant changes from 9.2 Hz to 4.8 Hz upon protonation, thus indicating that the non-protonated azasugar exists in the 4 C 1 conformation whereas the protonated species is found in the opposite 1 C 4 conformation.
The NMR resultss howt hat DMJa nalogues possessing a methyl ester or carboxylic acid at C5 (as in 3 and 4,r espectively) can change their conformation from the 4 C 1 chair form to the opposite 1 C 4 chair upon protonation. This conformational change is seen even in ah ighly polar medium such as water and is significantly enhanced in am ore apolars olvent (CD 3 OD). The nature of the substituent at C5 of the DMJ analogues is of major importance,b ecause DMJ (2)a nd its C5 amide 5 do not display any conformational change with changing pH. The differenceb etween the ester and amide is notable, because both functional groups-theC 5c arboxylic acid ester and the C5 carboxamide-have as imilar effect on the basicity of the azasugars. The electron-withdrawing effect of both groups leads to as ignificant drop in the pK a values for 3 and 5,w ith the more strongly electron-withdrawing functionality-the ester-having the strongeri nductive effect. The conformational flip of ester 3 and acid 4 can be accounted for by considering that electron-withdrawing groups prefert o occupy an axial position on ap ositivelyc harged pyranose ring to minimise their destabilisinge ffect. [4] [5] [6] [7] The fact that amide 5 does not change its conformationt oa ccommodate this intrinsic preference might be due to internal hydrogen bonds that can be formed between the amide -NH 2 and the C4-OH, which provides an extra stabilising factor in the 4 C 1 amide. [18] Having established that the mannuronica cid azasugars readilyu ndergo ring flip upon protonation we probedt he bindingo ft he azasugars in the bindingp ocket of the a-1,2-mannosidase GH47, from the Caulobacter K31 strain. All four compounds were tested for binding through X-ray crystallography and isothermal titration calorimetry. Initially we analysed the binding of the parentcompound DMJ (2). DMJ (2)b inds to CkGH47 with a K D of 481 nm (determined by isothermal titration calorimetry,F igure 6A). AlthoughD MJ binding is essentially as observed previously for the mammalian GH47 structures, [19] the subatomic resolution data (Supporting Information) in this case allow us to observe DMJ bound in the actives ite of CkGH47 in two different ring conformations ( Figure 6B ). In the À1s ubsite, the conformation of DMJ is in both C 4 conformation. [12, 19, 20] This dual-conformation observation could perhaps be explained by the proximity of the pH of the crystallisation conditions (6.5) to the pK a of DMJ (7.5) and the protonation of the species, although one cannotd econvolute whichc onformer relates to which protonation state).
The structure (PDB ID:5 MEH) confirms proposals made by others, and by us, concerning the catalytic apparatus. [12, 19, 20] Briefly,c atalytic base E365 is hydrogen-bonded to the O6 of Figure 5 . DMJ methyl ester (3)inC D 3 OD ( % 0.7 mL). The non-protonated azasugari ss howno nt op (no TFAa dded), the protonated azasugar on the bottom (25 mLTFA added). Spectra are referenced to CD 2 HOD. ChemBioChem 2017 ChemBioChem , 18,1297 ChemBioChem -1304 www.chembiochem.org 2017 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim DMJ, at 2.6 .I ti sh eld in place by the nucleophilicw ater, which in turn is coordinated by calcium.T he indirect route to protonica ssistance is likely given by the Oe2o fE 121, although ar ole for D249 has also been considered. The riding hydrogens of this bond are visible, matching the level of detail of structurea chieved by Thompson et al. [12a] With the assistance of am etal ion, the O2-C2-C3-O3t orsion angle of a 4 C 1 conformation is tightened from % 608 to 0-158,c onsistent with the known conformational pathway of GH47 via a 3 H 4 transition state. [12, 19, 20] Unfortunately,d espite promising solution characteristics (Table 1) , we weren ot able to detect binding of mannuronic acid derivatives 3, 4 or 5.S imple modelling of these compounds in the active centre, using the DMJ complex as at emplate, suggested that the likely reason would be steric clashes with residues in the actives ite, in particularE 427. To test this hypothesis, am utant containing an E427A mutation to increase the size of the active site was produced;h owever,a ttempts to obtain complexes with this variant stilld id not allow observation of 3-5 in the À1s ubsite of the enzyme (datan ot shown), thus suggesting that further steric clashes might also be contributing to the lack of inhibition.
Conclusion
Azasugarsb ased on mannuronic acid can change their conformation from a" normal" 4 C 1 chair to the inverted 1 C 4 chair form upon protonation of the endocyclic amine. The molecules thereby position their substituents such that they are optimally positioned to accommodate the positive charge. Although the conformational behaviour of other glycuronic-acid-based azasugars with differents ubstituent configurations has not yet been studied in detail,i ti sl ikely that the spatial preferenceso f the substituents in the mannuronic acid azasugar work in concert to affect the ring flip. This behaviour is in line with the conformational effects observed for fully protected mannuronic acid glycosyl donors, and therefore the results described here provide an extra indication that the positive chargeatt he anomeric centre of am annuronic acido xocarbenium ion is responsible for the observed unusual ring flip. This intriguing ring-flipping behaviour pointed to the potential use of the mannuronic acid azasugars as inhibitors for mannosidases that hydrolysetheir substrates through aring-flipped conformational itinerary.U nfortunately,t he mannuronic acid azasugars did not bind to the studied GH47 mannosidase. Althought he concept of chemically flipped inhibitors worked in solution, especially in low-polarity buffers, they sadly highlight the challenges of conformationally specific enzymei nhibition. For,w hilst the introductiono ff avourable chemistry-including, in some cases, locking groups-frequently introduces substituents that prevent binding for steric reasons, in enzymea ctive centres that have evolved to harness the interactions of and thus distort unsubstituted sugars (e.g.,the elegant locking of amannoside mimic into B 2,5 conformation with at hree-carbon bridge [21] -in order to target B 2,5 transition-state mannosidases specifically) it simply resulted in steric clashes with the target b-mannosidase and no inhibition of the wild-type enzyme. [22] Indeed, although the concept of conformation-specific targeted inhibition is one of the most excitingi ng lycochemistry,i ti s only rarely achieved:t he use of ring-flipped kifunensine (1)t o inhibit" southern hemisphere" mannosidases is one of the very few cases in which ac onformationally restrained inhibitor works (and has indeed found considerable application in cell biology). [23] The challenge therefore is still to provide the specific tools and therapeutic compounds required for cellular or patient use, whilst also maintaining binding to the target enzyme.
Experimental Section
General methods for organic synthesis:All reagents were of commercial grade and used as received unless stated otherwise. Reactions were performed at room temperature unless stated otherwise. Molecular sieves (4 )w ere flame-dried before use. Flash column chromatography was performed on silica gel (40-63 mm).
1
Ha nd 13 CNMR spectra were recorded with Bruker AV 600, Bruker AV 400 or Bruker DPX 400 spectrometers in D 2 Oo rC D 3 OD. Chemical shifts (d)a re given in ppm relative to the solvent residual signals. Coupling constants (J)a re given in Hz. All given 13 Cs pectra are proton-decoupled. Compound names are given with use of the standard iminosugar nomenclature numbering.
2,6-Dibromo-2,6-dideoxy-d-mannono-1,4-lactone (7):C alcium dgluconate monohydrate (6,1 26 g, 280 mmol) was put under argon before being dissolved in 33 %H Br in acetic acid (500 mL, 3.0 mol). The reaction mixture was stirred for 18 ht og ive an acetylated form of 6.M eOH (1 L) was added, and the mixture was heated at reflux for 2h.I tw as then concentrated to half its original volume under reduced pressure before addition of more MeOH (500 mL). The reaction mixture was left to stir overnight, after which it was concentrated, resulting in aslightly oily residue. This was co-evaporated with MeOH (100 mL) and three times with H 2 O( 100 mL). The residue was extracted with diethyl ether (4 100 mL), and the organic layers were combined, dried with MgSO 4 ,f iltered and concentrated under vacuum, yielding ay ellow oily residue. This was .The activec entre calcium is shownasag reen sphere and aw ater (Wat)-likelyequating to the nucleophilic water in catalysis-is showna sar ed sphere. Key active centre residues discussed in the text are labelled. ChemBioChem 2017 ChemBioChem , 18,1297 ChemBioChem -1304 www.chembiochem.org 2-Amino-6-bromo-2,6-dideoxy-d-mannono-1,4-lactone hydrochloride (8):2 ,6-Dibromo-2,6-dideoxy-d-mannono-1,4-lactone (7, 5.0 g, 16.5 mmol) was put under argon and dissolved in dry acetone (MgSO 4 ,1 00 mL). Sodium azide Caution: highly toxic (15.0 g, 231 mmol) was added, and the suspension was heated at reflux for 20 h. The mixture was filtered, and the filtrate was concentrated under reduced pressure. The residue was dissolved in H 2 O( 50 mL) and extracted with diethyl ether (5 100 mL), and the organic layers were combined, dried over MgSO 4 ,f iltered and concentrated under reduced pressure to give ab rown oil that was identified as the 2-azido compound but included some of its diastereoisomer. The crude compound (16.5 mmol) was put under argon and dissolved in MeOH (100 mL). Palladium on activated carbon (10 %, 300 mg, 0.3 mmol) and HCl (37 %i nH 2 O, 10 mL, 121 mmol) were added, and the suspension was put under hydrogen. The reaction mixture was stirred for 22 h, after which the catalyst was filtered off over aW hatman microfilter.T he filtrate was concentrated under reduced pressure and co-evaporated once with HCl (37 %i n H 2 O, 60 mL), thrice with toluene (60 mL) and once with CHCl 3 (50 mL). Crystallisation from EtOH yielded 2-amino-6-bromo-2,6-dideoxy-d-mannono-1,4-lactone hydrochloride (8)a sw hite crystals (2.6 g, 9.2 mmol, 55 %o ver two steps). M. 1-Deoxymannojirimycin (2):2 -Amino-6-bromo-2,6-dideoxy-d-mannono-1,4-lactone hydrochloride (8,5 01 mg, 1.8 mmol) was coevaporated three times with dry toluene, put under argon and suspended in dry MeOH (10 mL). The suspension was cooled to 0 8C before addition of distilled triethylamine (1.0 mL, 7.2 mmol), and the resulting clear solution was stirred overnight. The reaction mixture was concentrated under reduced pressure, yielding the methyl ester as aw hite semicrystalline solid. The residue was put under argon, dissolved in dry EtOH (molsieves, 10 mL) and cooled to 0 8C. Sodium borohydride (709 mg, 19 mmol) was added, and the suspension was stirred overnight. Dry MeOH (20 mL) was added, after which the mixture was filtered, concentrated under reduced pressure and co-evaporated with HCl in MeOH (1 m,3 10 mL). The residue was purified by column chromatography (EtOAc/EtOH 1:1!100 %E tOH), yielding ap ure sample of DMJ (2) in 29 %y ield (105 mg, 0.50 mmol).
[a] 20 D = À14.08 (c = 0.5, MeOH); [13] 1 HNMR (399 MHz, D 2 O): d = 3.99 (dt, J = 2.9, 1.6 Hz, 1H;C -3), 3.76 (dd, J = 12.5, 3.9 Hz, 1H;C -7), 3.71 (dd, J = 12.5, 5.5 Hz, 1H;C -7a), 3.60 (t, J = 9.7 Hz, 1H;C -5), 3.53 (dd, J = 9.6, 3.1 Hz, 1H;C -4), 3.03 (dd, J = 14.2, 2.8 Hz, 1H;C -2a), 2.80 (dd, J = 14.2, 1.5 Hz, 1H;C -2b), 2.57 ppm (ddd, J = 9.7, 4.9, 3.4 Hz, 1H;C -6);
13 CNMR (101 MHz,
.4 (C-4), 67.6 (C-5), 67.5 (C-3), 62.4 (C-6), 59.6 (C-7), 48.9 ppm (C-2).
Methyl 2,6-dideoxy-2,6-imino-d-mannonate hydrochloride (3):2 -Amino-6-bromo-2,6-dideoxy-d-mannono-1,4-lactone hydrochloride (8,0 .60 g, 2.2 mmol), was co-evaporated thrice with dry toluene, put under argon and suspended in dry MeOH (12 mL). The suspension was cooled to 0 8Cb efore addition of distilled triethylamine (1.2 mL, 8.7 mmol) , and the resulting clear solution was stirred overnight. The reaction mixture was concentrated under reduced pressure before being taken up in acetonitrile (15 mL) and charged with 1,1,1,3,3,3-hexamethyldisilazane (2.5 mL, 12 mmol) and copper sulfate pentahydrate (cat.). After 1h,t he reaction mixture was concentrated and af raction of 234 mg (0.57 mmol) was purified by column chromatography (1-2.5 %1 ,4-dioxane/CH 2 Cl 2 )t og ive the per-TMSylated compound (162 mg, 0.40 mmol). The protected product was put under argon and dissolved in MeOH (8 mL), and acetyl chloride (1 equiv) was added to generate HCl in situ. The mixture was stirred for 0.5 h, after which the compound was concentrated and co-evaporated with MeOH to yield the title compound (98 mg, 0.40 mmol, 70 %o ver two steps).
[a] Sodium 2,6-dideoxy-2,6-imino-d-mannonate (4):M ethyl 2,6-dideoxy-2,6-imino-d-mannonate hydrochloride (3,2 4mg, 0.10 mmol) was dissolved in H 2 O( 0.5 mL). As odium hydroxide solution (1 m aq.,1 70 mL, 0.17 mmol) was added, and the mixture was stirred for 2h.T he mixture was concentrated under reduced pressure to yield the title compound, pure but with added sodium hydroxide. 2,6-Dideoxy-2,6-imino-d-mannonic amide (5):2 -Amino-6-bromo-2,6-dideoxy-d-mannono-1,4-lactone hydrochloride (8,5 00 mg, 1.8 mmol), was co-evaporated thrice with dry toluene, put under argon and suspended in dry MeOH (10 mL). The suspension was cooled to 0 8Cb efore addition of distilled triethylamine (1.0 mL, 7.2 mmol), and the resulting clear solution was stirred overnight. The reaction mixture was concentrated under reduced pressure, yielding the methyl ester as aw hite semicrystalline solid. The residue was dissolved in ammonia in MeOH (6 m,1 0mL, 60 mmol) and stirred overnight. The reaction mixture was concentrated under reduced pressure, affording 2,6-dideoxy-2,6-imino-d-mannonic amide (5)inquantitative yield. An analytical sample was prepared by crystallisation from pure MeOH (133 mg, 0.76 mmol, 42 %). 
